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ABSTRACT 


"A STUDY OF FILM TYPE CONDENSATION 
INSIDE HORIZONTAL TUBES" 
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Submitted for the Degree cf Navel Engineer in the 
Department of Naval Architecture snd Marine Engineering 


on May 18, 1951 


This thesis reports the results of temperature measure- 
menta mado by thermocouples installed on the exterior surface 
of a single, horizontal copper tube while saturated steam 
vapor was condensing within. Cooling wes effected by cross 
flow of cooling water with one pass, It describes an ex- 
perimental technique for making temperature measurements. 

The effect of vapor velocity on distorting the build up of 
the liquid film is shown. There is included a theoretical 
method for the prediction of local coefficients of heat trans- 
fer developed using the assumptions of the Nusselt theory. 
Overall coefficients of heat transfer were determined at two 
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different steam conditions. 
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SUMMARY 


























The object of this thesis investigation was to study 
film type condensation in horizontal tubes; to attempt to 
find a theoretical method for the prediction of local and 
mean heat trensfer coefficients for the water film which 
forms inside the tubes; and to prove the theory by the results 
- of experimental work. These objeetives wero not fully real- 
ised. It is hoped that later investigators might find here 
information that will aid them in avoiding pitfalls which 

were encountered during the course of this work. 

Why should one bo interested in the study of film type 
condensation since, by the use of "promoters" such as benzyl 
mercaptan, dropwise condensation cen provide greater rates 

of heat transfer? 

Film type condensation is encountered in refrigeration 
cycles, Unlike power cycles, refrigerant vapors are con- 
densed at relatively high pressures. it becomes advisable 

for the vapor to be introduced inside the tubes of the con- 
denser and not into the shell. Design of these condensers 
would be greatly fecilitated by the ability to predict ac- 
curately the heat transfer coefficients encountered in practice, 
in this work steam vapor was selected for the condensing 
medium. The properties of steam are much more accurately dee 
_linsated than for refrigerant vapors. If & method and appar- 
atus could be developed to determine heat transfer coefficienta 
for steam vapor films, 1t might be easily adapted for use with 


refrigerant vapors. 























The method for the experimental work was to introduce c 
 Saturated steam vapor into a síx foot length of copper tubing. 
Cooling was effected by circulating water from city mains 
passed at right angles to the axis of the tube. Temperature 
measurements were made by installing thermccouplesa in a line 
on the outer well of the tube, The test section of copper 
tubing was so fitted that it could be rotated on the axis of 
the tubing. This feature permitted recording of tube wall 
temperatures at eny angle around the circumference and along 
the length of the tube. 

By means of such apparatus, a measured heat transfer 

was allowed to take place betwsen two points of known temper- 
ature difference, the condensing vapor inside the tube and 
the outer sirete of the tube wall. Two thermal resistances 
lay in the path of heat flow, the resistance of the water 

id forming inasae the tube and the resistancs of the copper 
tube wall. The latter resistance is nearly negligible com- 
pared to the former. Both can be evaluated readily. After 


the apparatue had been operated several important results 


were determined from this, the initial one of a series of 
studies on film type condensation. 

The test section had been made of grest length to 
ninimize heat loss at ends of the tube. With the high rates 
of heat transfer encountered, this caused excessive velocity 
of the steam entering the tube. This high velocity wipes off 
the water film from the innor wall, increases heat transfer 
rates at the entrance ond of the tube, and does not allow 


valid proof of a Nusselt type theory. 





















The experimental technique of measuring tube wsll tem- 
peratures by means of thermocouple junotions with leads im- 
mersed in cooling water is shown to be workable and valuable. 
The results indicate detectable temperature differences from 
point to point, both circumferentially and along the length, 
on the tube surface. 
Avoidance of variable cooling water temperature, as would 
be encountered by use of a counterflow heat exchanger, is 
demonstrated in the equipment used. A constant wall tempera- 
ture is an essential assumption to theory. 

A moan heat transfer coefficient for steam vapor was 
found to be about 2000 Btu/hr.-ft.7— OF, 
It is recommended that for future observers that the 
length of the condensing section be shortened relative to the 
tube diameter. This will reduce the effect of velocity at 
the entrance section, will provide a horizontal tube with 
A to deflection, and facilitate horizontal 
alignment. The heat transfer rate should be reduced by re- 
ducing the temperature difference between the cooling water 
ind the condensing vapor and not by reducing the quantity of 
pooling water. Greater attention must bo devoted to keeping 


the condensing surface clean and free of dirt deposits. The 








INTRODUCTION 
















When a pure saturated vapor comes into contact with a 
colder surface thore is a transfer of heat which takes place 
between the surface and the vapor. Some of the vapor con- 
denses to form liquid on the surface. If the surface is 
vertical, for example, the liquid will flow under the actıon 
of gravity down the wall accumulating more and more liquid 
lt moves. The liquid “wets” ell areas of the surface 
forming a film which 15 resistant to the transfer of heat 
between the vapor and the wall. This is called film type 
condensation. 

In 1916, Nusselt derived theoretical relations for the 

prediction of the thickness of this film, and وو‎ tho local 

coefficient of heat transfer fer any point on a vertical’ 
wall. By integration a mean coefficient of heat transfer 
may be found for any particular dimensions of wall. 

Nusselt's derivation includes important and limiting 

assumptions: 

(a) that tho flow of the liquid film is due to the 
force of gravity alone. 

(b) that the flow of the film 1s laminar; has a 
parebclio volocity distributicn across any 
thickness; and that the velocity at the wall is 
zero. 

(c) that the tempereture difference between the 
vapor and the wall surface is constant at all 


points. 


























The first two assumptions plece a restriction on the use of 
the theory. If the vapor is flowing with an appreciable 
velocity, the drag which it exerts at the liquid-vapor inter- 
face is a force unaccounted for by the theory. The effect of 
vapor velocity îs to disturb the formation of a laminar film, 
The third assumption is difficult to find in nature, Since 
the flow of heat from the cad vapor must go to some 
cooling medium, that medium increases in temperature. Then 
the temperature difference between the condensing vapor and 
the cooling surface is different at one point than it is at 
another. 

There have been many investigators who have turned their 
attention to the problem of predicting heat transfer coef- 
ficiente for vapors condensing on tho outside of tubes, This 
activity is a natural consequenoe of tho wide use of surface 
condensers in the fields of power generation and chemical 
engineering. With power cycles, for exemplo, the condensing 
vapor has a large specific volume and a low pressure after 

it has passed through the expansion process. It is desirable 
to introduce this large volume of vapor into the shell of the 
condenser. The cooling water is passed through tubes; the 
vapor condenses on the outside of the tubes. 

A refrigeration cycle ia a reversed power cyole. The 
working fluid leaves the compression process at a relatively 
gh pressure and low specific volume. It would be uneconom- 
ical to construct a heavy condenser shell capable of with- 


standing the pressure. The working fluid of this type of 
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cycle 1s usually introduced into small tubes and the cooling 
water ig passed around the outside of these tubes in order 
to condense the refrigerant vapor. 
Investigation of film type condensation inside hori- 
zontal tubes 18 almost nil. The sole known investigator in 
this field is Max Jakob. (Reference 2). His equipment con- 
sisted of a short section of tubing, cooled on the outside 
and into which steam vapor was introduced. A probe carrying 
three thermocouples was fitted so that it might be used to 
explore the inside of the tube. The probe sould enter the 
tube or be witndrawn. It could be rotated. The thermocouples 
| were held tight against the interior surfaco of the tube wall 
so that the temperature of any point on the interior surface 
could be measured. Jakob reports detectabloa temperature 
differences around the circumference of the tube by this 
It seems that insertion of thermocouple leads into the 


liquid film would disturb the natural build up of that film; 


br ےت‎ 
sim: 
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disagree with those of an undisturbed film. Also, since the 


sefore, observed readings of the wall temperature would 


thermocouple leads would be surrounded by high temperature 
steam vapor à correction would have to be made for the cone 
duction of heat in the leads down to the junction point. 

The problem of the prediction of heat transfer coeffi- 
Gibnts دہ‎ horizontal tubes seems to consist of two parts. 
Firat, to provide conditions within the experimental apparatus 


which will approximats the assumptions of the Nusselt theory 
















in order to prove or to disprove the applicability of thet 
theory. Secondly, to provide conditions within the experi- 
mental apparatus which approximate conditions found in com- 
mercial condensers. An orderly, scientific study of the 
problem requires that each part of it be done separately. 

In the initial atudy of the problem then, one would 
desire to have negligible velocity of steam vapor across the 
liquid-vapor interface and he would desire to have a con- 
densing surface temperature which was sssentially constant 
over all points. In the second part of the problem, one 
would allow vapor velocities to effect whatever distortion 
of the liquid film thas they will and would allow the con- 
densing surface temperature to vary from point to point in 


the natural menner of a counter-flow or cross-flow condenser, 





PROCEDURE 



















After several consultations with Professors Hesselschwerdt 
and Rohsenow, the basic elements of the design were agreed 
upon, The test section was to six feet in length, made of 


copper, and 3/4" ID. The test section as actually used was 





a 3/4" 1D type "L" copper tube. If time permitted, runs were 
elso to be made with a two foot and a four foot section. 
Originally the water plenuns wers to be 6" pipe with 12 
diametrically opposite holes on each side of the plenums. 

The apparatus employs 5" plenums since they were obtained 
Sele and believed to do the job equally as well as the 6" 
pipes. 
‘The plenums were connected by rubber tubing instead of 
valves as was originally intənded in order to conserve limited 
The copper test seotion was grooved at intervals of 6" 
(twelve grooves in ali) and a #28 copper-constantan thermo- 
ouple soft soldered in each groove, The tasrmocouples were 
along a straight line on the tube and, after being soldered 

in place, were wrappsd around the tube once in order to mini- 
mize the conduction losses, The thermocouple wires were then 
thrice coated with polystyrene, an electrical insulator, to 

avi otd any short circuits, The thermocouples were then gathered 
consec رم اف‎ at each MT and lead to the discharge end 

of the test section water plenum. This was done to avoid 

heir being unduly swashed back and forth in the pipe with the 
possibility of 





rubbing off the protective insulation. 

























The thermocouples were calibrated in accordance with 
standard practice, and an enlarged graph of millivolts versus 
temperature was drawn to insure the best possible results for 
: the readings obtained. 

The teat tube was checked for horizontal alignment by use 
of a water level consisting of a piece of garden hose with a 
section of glass tubing in it. The actual alignment being 
done by four set screws in the base of the structure holding 
the apparatus. 

Manometers were inserted at both ends of the test soc- 
tlon as were thermocouples. 

After the apparatus was completed a dry run was made to 
ascertain the accuracy of the thermocouplos, and they were 
all found to be operating satisfactorily. 

The procédure followed to obtain the data is a step-by- 
step process of starting up the apparatus coupled with the 
ordinary routine of taking thermocouple readings. 

1. The copper test section is oriented as to position 
desired for the run, and the needle valve controlling the 
flow of TEST 13 opened. 

2. The boiler is lighted off and brought up to the 


pressure desired. Pressure on the boiler ia controlled by 





the sliding weight onthe balancing arn. 


moving tn 
zum e 


š5. After the boiler is up to pressure and the air is 


u 


ejected from the system, the needle valvo is closed and the 


cooling water to the test section is turned on and the cone 
€ N ۱ 


jensato is thus allowed to fili up the tank containing the 


gage glass. 
۲۳ * ۳ لین‎ 
Lu 





dL" 


| 4۱ m - — de = سے‎ = rt | 
m | *" ۹ "ira u TS € e > au. 
i - -is 一 LL سے‎ má ساسا‎ gud 
٤ | ' 


e. 
m d 1 





lo 
























g 4. The cooling water to sub-cool the condensate is 
turned on. 

6. The pet oock on the discharge end of the copper test 
section is then cracked to allow a steady stream of eir and 
steam to flow out. 

6, When the water in the small tank is at gage glass 
level the needle valve 15 adjusted to obtain a steady flow 

of condensate and hence, equilibrium. 


7. Once equilibrium is obtained, the condensate ig 


Li. 


woighed and the thermocouples read. 

Having obtained a set cf readings for one position of 
the copper test section, it is possible to rotate the test 
section without disturbing any of the valves on the apparatus. 
This is the case since low pressure steam is being used. It 
is recommended thet if higher pressures are used with this 
@pparatus that thia procedure be abandoned. The rotation is 
brought about by slightly breaking the unions at either end 
of the test section and then rotating the tube. This pro- 


cedure allows equilibrium to be remaintained in a minimum of 


The condensate is waighed for & fifteen (15) minute 
period to obtain tho Q total which is used in the formule 
QzUAAt, 

N then being the product of Wyong X Big 

A, the area of the test section, is known from the dimensions. 
Öt, is found by an unusual approach., The procesa is to 
average the readings for each orientation of the pipe for each 


thermocouple, giving an average temperature for each thermo- 
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couple, Then the twelve thermocouple readings aro averaged 
to give the mean temperature for each orientation of the pipe. 
The four mean temperatures are then averaged to give the final 
average Atmean | that is top, two sides, and bottom). It 
being assumed in this process that sach reading was practi- 
cally constant over a quadrant of the test section. The 
temperature of the steam being known, it is then a Simple 
BEES to cbsera the 4۵ o sod" U is then simply a matter of 
running through the formula above. 

In the computation of the mean temperature for the low 
pressure run, it can be seen thet station 4 is far out of 
This was due to a broken glass tube in the reference 
junction, and the reasonable point between stetions 3 and 5 
was used in the computations, as that of station 4. 

In determining tho quantity Q total, the weight of con- 
densate times hp, wos used. This is not entirely corroct 


sinoe the steam vas not dry saturated, however, 1t was so 
hes 


to being dry saturated that it was desmed unnecessary 
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materiolly effected the answers obtained. 
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RESULTS 






First Run: Pressure 20.65 psia. Saturation Temperature 229.49F, 


Average temperature along test section 


Thermocouple „— mn 
Junetion Top of Tube 


Side of Tube Bottom of Tube 







u 


temperature 
temperature 


At 3 36, GOF 


217.4 
206.6 
20508 
202,4 


194۰5 


192.8 
195.7 
192.0 
186.4 
192,4 
187.0 
192,0 


197,1 


192.8 


212.9 
204.4 
200, 4 
199,4 
193.5 
189.9 
190.6 
188.8 
183.8 
187:7 
186,5 
191.5 


194.1 


210.9 
205.6 
199.7 
197.4 
191.7 
186.5 
180.8 
180.7 
174,7 
174,5 
164,4 


164.8 


185.8 






71 dc: = 2*6 
Vovera11 = 2110 Btu/hr-ft^-9F 


"- | | _p42_0 
Byapor sido = 2180 Btu/hr=1t*=0P 
Pressure drop in pipe not recorded in this run. 


Average weight of condensate 111 1bs/hr. 
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Second Run: Average Pressure 17,15 psia. Saturation Temper- 
ature 219.09F, 


Average Temperature along test section 


Thermocouple á 
bj Top of Tube Side of Tube Bottom of Tube 


E 
6 ۱ ۳ 


o Oo 3 o 
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201.6 
194.2 
190.2 
175.7 
184.5 
180.4 
185.3 
192.5 
177.0 
174.0 


201.7 
191.4 
186.8 
172.7 
180,2 
178.5 
181.7 
195.9 
181.9 
180.6 


205.8 
194.0 
192.0 
172.9 
17909 
174.5 
172.5 
170.6 
161.6 
151.5 













E 168.09 167.8 144.7 
12 160.0* 160.0* 140.0" 


+ Values are approximations as to the true tempereture at 
the points so marked, These approximations were made be- 
cause the readings taken were definitely too low. The 
system was beginning to get air bound, end the air binding 
gave rise to such low temperature readings. 


Avar mc e 
A "c ar 


temperature 182.6 181.4 172,3 
Mean wall temperature 179.497 

At = 39.60 

Uoverall = 1780 Btu/hr-ft2-oF 

hvapor side = 1840 BtuWhr-ft2-oF 

Average weight of condensate 93 lbs/hr. 

‘Mean measured pressure difference 0.753" of Hg. 
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DISCUSSION OF RESULTS 
















The work of previous investigators on thís problem has 





been meager. It is considered that the principal contribution 
of this thesis to the solution of the problem hes been one of 
definition of the problem itself, and demonstration of teoh- 
niques which will aid in the solution. Definition of the 
Seaview has been stated in the Summary. It is to find a type 
of experimental apparatus which will provide in nature, cone 
ditions within the tube approaching the conditions imposed by 
a Nusselt type analysis of the condensing process. One must 
provide a heat absorbing medium which approaches constant 
temperature even though 1t 1s receiving the heat of conden- 
sation. One also must provide a horizontal tube in which the 
velocity of the vapor approaches zero. 

By rapid circulation of the cooling weter and by using 
* single pass across the tube, well distributed along the 
length, the temperature rise of the cooling medium was mini- 
mized in this work. A temperature rise of only 15° F has been 
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hieved and ie considered to ba good. By use of greater 









quantities of cooling water, its temperature rise could bo re- 
duced even further. 
| These observers haye discussed the use of a different 


scheme for effecting a constant temperature heat sink, The 





ie, séeptabie to the equipment used in this thesis, is to 
use ice as the heat absorbing substance. If the heat transfer 
| Surface were immersed in an ice water bath and if the entire 


bath were agitated mechanically, a heat absorbing medium of 
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constant tempsraturs wouid be obteined. This scheme has the 
disadvantage that the cold wall temperature would be very 
low indeed. So that there would not be an excessive tempera- 
ture differential between the condensing vapor and the cold 


surface (leading to high rates of heat transfer and excessive 


de 


elocity of the vapor), one would have to reduce the tompor- 
ature of the condensing vapor. For steam vapor this would 
isad to extremely low pressures, not handily achieved. But 
for other vapors, having lower saturation temperatures at 
:عو‎ pressure, the use of ¿co for cooling shoula be 
borne in mind. 

| As regards vepor volocity conditions, the equipment used 
in this thesis failed to meet the requirements of the Nusselt 
assumptions. The velocity of the vapor should approach zero. 
Tho velocity of the vapor in the equipment used in this work 
approached 180 feet por second, a very excessivo velooity. 


What was wrong? 








In the first place, the test section vas too long. It 
had been made so deliberately to minimizo heat loss at the 
ends of the sootion. However, end effeots were discovered to 
be of very minor consequence, All of the vapor being con- 
densed along the length of the tube has, of course, to pass 
LM tne entrance cross section. For a cross section of 
any given area, the longer the test section the greater the 
volocity of tho vapor at the entrance. 

Secondly, two constants, arbitrarily imposed upon the 
equipment, increased the velocity. They were: (a) the temper- 


ature of city water in the mains, and (b) the temperature of 
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condensing steam at atmospheric pressure, The و‎ 
perature differential existing between those two gave rise 

to a large condensation rate, large vapor volume entering the 
section, and high velocity of vapor. 

Certainly thon, future modifications to this equipment 
ougnt to incorporate one or both of these features; a smaller 
7 temperature differential between the cooling medium and the 
condensing steam and/or a shorter length of tube as compared 
to diameter. A smaller temperature differential might bo 
achieved either by heating the cooling water, by reducing the 
pressure inside the tube below atmospheric, or both. A test 
section having a length on the order of 2 feet and a diameter 
on the order of 1 inch is recommended, 

Kost of the availiable time for the thesis was spent in 
` construction of the apperatus and in modifications to it as 
found neceseary. Experimental tests were conducted at only 
two vapor pressures. It would be unwise to extrapolate from 
EA data to any major quantitative conclusions. The 
` results of the tests do, however, deserve comment. 


FIGURZS I. II, and III 


Figures i, II, and III indicate the variation in tem- 
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perature along ths length of the test section for the high 
prossure run. The position of the thermocouple junctions 
along the length of the tube is illustrated in Figure XVI. 
‘Thermocouple junction number 1 is closest to the entrance of 
the tube, and thermocouple number 12 is closest to the end 
through whioh tho condeneate was removed. There were threo 


observations made for each point. The straight line segments 
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connect the average velusa of these three observations. For 
the most part there 1s little spread between the three, so 
that the average is a representative value for temperature 
at the point. 

In Figures 1, II, end III, which ere for tenperature 
distribution along the top, side, and bottom of the tube 
respectively, it should be noted that there is a steady de- 

ne in temperature from the entrance end of tho tube to the 
exit end. A high temperature of the outer tube well means that 
thers ia small thermal resistance between that point and the 
condensing steam. The Figures show that the film is very 

thin near the entrance to the tube, and that the liquid film 
progressively increases in thickness toward the far end of 

the tube, The effect of the vapor velocity is illustrated. 
‘Thermocouple junction 1 indicated the highest temperature of 
all because the entering steam vapor wiped off any condensate 


whioh formed. For the top and sides of the test section, as 







| hown in Figures I and II, the velocity of the vapor Beems to 
have had little effect beyond junction number 6. For junotions 
6 through 12 the temperature remained rather constant, indie 
ating that the film thickness was not seriously distorted 

by the vapor velocity beyond the mid-length of the test sec- 
tion. On Figure III, however, the temperature is seen to de- 
crease steadily from junction number 1 all the way through to 
دق‎ exit end of the tube at Junction number 12, Evidently, the 


thickness of the water film undergoes & continual build up 


r 





“along the length of the test section, being deepest at the 
point where it flows out. If the velocity of the vapor had 


oo AT 


EE - — -— سد س‎ (x — > 
| — o On Cim nat, D X 


mo ن‎ —— - - AE 
X nd EC 


Y En 76پ ۱ 9 ا‎ 


» 





50 



























no effect on the liquid the cpposite would occur, the deepest 
film would be found at the entrance cross section, providing 
the hydrostatic head to cause flow of the condensate to the 
outlet ond. 

The relative thicknesses of the films on the top, bottom 
and sides of the test section are illustrated. If the Figures 
. 1, II, and III are held together and interposed between a 
strong light source, one can observe that the temperatures on 
the top of the tube are higher 1n every caae than the temper- 
 etures on the sides of the tube. The temperatures on the 
sides of the tube, likewise, are higher than those for cor- 
responding cross sections on the bottom of the tube. Such 
results indicato the build up of tho film from the top around 
to the bottom of tho tube. 

How much of this temperature differonce was due to change 
in film thickness? Hos much of 1t was due to the fact that 
tho cooling water was brought in at the bottom of the test 
section, flowed around it and was withdrawn from the top of 
— shell 159 P hotter than when it came in? These 
questione remain unanswered. They point up the necessity of 
inimizing the temperature rise of the cooling medium. Say, 
for example, that the expected temperature difference between 
the side and the top of any cross section, dus to a difference 
z n film thickness at the two points, is on the order of £9 7, 
f the cooling water undergoes a temperature rise in excess 
of that amount, say 7°, by reason of heat absorbed from the 
tubo, then the temperature distribution around the circum- 


ference is distorted. Such a distortion would affect observed 
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temperatures whether they were taken on the outside of the 
tube surface, as was done in this thesis, or the inside of 
the tube, as was done by Jakob. 

The composition of the tube wall is an important vari- 
P able. In this thesis, copper tubing was chosen in order to 
minimise the thermal resistance of the tube wall. Since the 
total resistance to heat flow in the test section consists 
of two thermal resistanoes in serios, the film of ود تریمسوظلاا‎ 
liquid and the tube wall, it becomes desirable to make the 
resistance of the wall as small as possible, The resistance 
of the liquid film wiil be a greater proportion of the total 
and it may be measured more accurately. This is the thinking 
which led to the seleotion of copper for the tube wall 
material. 
However, 1f the temperature gradient around the circum- 


ference of the tube wall were high, as a natural condition of 


poor. The copper tube wall would tend to oven out temperature 


differentials from point to point in the circumference. 


Figures IV, V, and VI show the temperature gradient along 
the length of the test section for tho lowor prossure run, 

The general comments which were made above concerning increase 
یی‎ Sfetute of the cooling medium and the composition of 
the tube wall apply to these results as well. Some additional 
comments are in order. 

Prior to the experimental test runs at the lower pressure 


E ہس‎ | < y. a ' | | 
the second manomoter was installed on the apparatus, on the 
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exit end of the test section. For an unknown reason this 
modification to the equipment caused trouble at the exit end. 
| Fhe small cook, installed to bleed non-condensable gases 

from the test seotion, began spouting water. "hen it was 
shut off, an alr pocket was formed at the exit end and very 
low tenperatures, on the order of 90° F, were indicated by 
the thermocouple junctions at that end. These temperatures, 
1 وت‎ to be erroneous, were not plotted on the graphs. 
Subsequent to the experimental runs an inspection was 
made of the apparatus to find out why the indicated tomper- 
atures on junotion nunber 4 should be so much lower than the 
temperatures at adjacent junctions. It was noticed that 
` water had entered the glass tube at the reference junction 
for thermocouple number 4 due to the fact that the glass tube 
was broken. It is considered that this water resulted in an 
. erroneous reading for thermocouple number 46. The average 
Scc—— plotted at the other points exhibit much the 
same characteristics as those which are shown on Figures I, 
DI. and III for high pressure run. 

۱ It 1s interesting to note that in both of the runs, using 
average pressures and temperatures, that the vepor velocity 
was essentially & constant, This undoubtedly is a rare coin- 
cidonce, but it is believed that the vapor velocity for the 
apparatus used should remain in about the same neighborhood. 


In the formula V = A, A is constant, v is a function of 


the steam conditions and increases as the pressure decreases 
(this 18 assuming a saturated vapor), and w, the weight of 


condensate, depends on the At drop and v. Hence, as the 





oo 















pressure drops the temperature of the steam decreases and ۷ 
increases. Since the cooling water is at a constant temper- 
ature essentially, the At drop is lower and this coupled 
with the higher v gives e smaller amount of condensate. This 
results in two variables changing in opposite directions 
which tend to givə a somewhat constant numerator divided by 

a constant denominator. Thus the vapor velocity remains es- 
sentially constant. 

F As seen by tho computations, the overall U values differ, 
being lower in tho lower pressure caso, This is brought about 
because the total G 1s smaller in tho low pressure cese and 
the At drop is the same. Since the vapor velocity was found 
to be almost constant for both cases the difference which 
caused the different U values is the turbulent layer of the 
film. 


sentially constant in thickness, the only remaining resistance 











If it can be assumed that the laminar layer is es- 


1s the turbulent layer, The turbulent layer increases in the 
high pressure case because yv is smaller and as a consequence 
the weight of condensate increases, which thickens the turbu- 
lent layer. The turbulent layer increases heat transfer, and 
thus a higher valuo of U should be obtained for the high 
pressure case than for the low pressure case, which was found 
to be true. The foregoing 1s based on the premise that the 
film does not get so large as to materially clog the pipe. 
The pressure drop was measured in the last run but was 
not in any of the calculations since it did not prove appli- 
cable to the problem. 
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The high vapor velocity encountered inthis problon and 
the consequent reversal of the slope of tho film in the tube 
obviously makes the theoretical Nusselt approach to the 
problem relatively inapplicable, since the Nusselt assumptions 
is that the vapor velocity be negligible. The natural build 
up of a water head to create flow in the horizontal tube is 
not obtained since the vapor velocity is not negligible. The 
film inside the tube is largely turbulent instead of laminar 
as would be prodicted by the Nussolt theory. With this setup 
end apparatus it is possible to get negligible vapor velocity 
by increasing the temperature of the cooling water up to near 
the 
since facilities for heating such a great quantity of "cooling 


200° F point. However, this poses a difficult problem, 


` water" are unavailable. if it were possible to heat the 
cooling water this high, the result would be a small amount 
of condensate and negligible vapor velocity, To draw a 
simile with actual practice to which this thesis is pointed, 
in modern refrigeration plants of 5 tons capacity and above, 
the flow of refrigerant is considerable, Realizing that at 
the high pressures at which the refrigerant leaves the con- 
pressor the v of the refrigerent is small and in pessing 
through the condenser, it is felt that the velocity of the 
vapor will not be negligible. Hence, the vapor velocity will 
have to be considered in order to have a realistic approach 
to this complex problem. This addition will materially dis- 
turb the reasoning and call for a complete revision of the 


٦ 
formulae propounded to date. 





CONCLUSIONS AND RECOMMENDATIONS 























The apparatus as presently installed has several points 
which are of dubious value and the following corrective 
measures should be taken prior to operating this apparatus 
sgain. 

l. The entrance thermocouple should be removed from its 
present position and pleced in the downcoming section of the 
steam line just before the test section. This should be done 
due to the possibility of accumulating water in the 13" line 
and also the possibility of getting an air pocket at this 
junction. 

2. Considerable difficulty was experienced during our 


S6cond run with the pet cock installed to act es an alr vent. 





Either the manometer should te installed in the test section 


line or the pet cock placed on a higher riser. This should 


be done because the installation of the manometer in the 
bronze elbow created great difficulty. The difficulty being 
‘that whenever the pet cock waa cracked to lot a whisper of 
steam out, a considerable quantity of condensate also came 
out. It is felt thet this situation could be alleviated by 


Anstalling the manometer in the line end putting the pet cock 
‘back in its original place in tho bronze elbow. 
3. (The discharge ond of the test-section-water plenum 
Should bo rethreaded. The present threads are cocked and 
when the test section is installed it experiences a bending, 
which disturbs the horizontal requirements. This bending of 
the test section is aggravated when the test section has 
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4. The egix-foot section is belisved to be too long for 
aufficient stiffness to support its own weight. It is be- 
lieved that a two or three foct section would be of sufficient 
stiffness and also be more compatible with condenser tube 
lengths used with Eiken today. 

5. An electrical superheater must be installed at the 


st sem inlet in order to insure a sufficient degree of super- 


6. In the course of taking reading, curing the second 


run station 4 was obviously incorrect. It was found that the 
reference junction for four had a cracked glass tube. All the 
tubes used should be rechecked to insure no more of this 
Occurs. 
7. With the present setup, an average cooling water 
temperature rise of 18-20 degrees is experienced. If possible 
the inlet water line should be increased to 1" pipe in lieu 
of the presently installed à" pipe. ‘The volume of cooling 
water will then be increased approximately fourfold, and the 
riso of the cooling water should be in the neighborhood of 
5 degrees. 

8. The entrance manometer ahovld be placed in the test 
section instead of its present position in the 14" lino. The 


venturii effect of the reduction in pipe size from 1}" to 


the test section the pressure at both ends of the test section 


is not known, and in order to get the pressure drop in 


E E e. سح‎ a m 
must bo accurately known. ۱ 


9. The installation of a pitot tube in the 14" line 


P 


would permit determination of the velocity of vapor at tho 
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10. if this apparatus ie to be disoerdad and a new 
Shorter test section employed, it is recommended that the 
thermocouples be put on the test section in a different 

manner, The manner is one ussd in the chenioal engineering 
department. Holes are drilied into the pipe tengentially 

and the thermocouples installed in the holes. This would be 

A gréat deal more practical and algo a great deal more rugged 
than the present system employed of soldering the thermocouples 
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DETAILS OF PROCEDURE 




















As has been stated in the Introduction, the investiga- 
tion of film type condensation ssems to consist of two 
separate parts. One is an attempt to provide conditions 
within the experimental equipment which will epproach the 
‘limiting assumptions of the Nusselt theory. The other is to 


‘approximate conditions found in commercial condensers. The 


difference between these two parta has been previously dis- 


cussed. At the outset of this investigation it was decided 
that the former problem would occupy the attentions of these 
٣ ا0 0ڑ‎ 
| One assumption of the Nusselt theory is that the tem- 
perature difference between the condensing vapor and the 
colder condensing surface is constant at all points. The 
Resumption requires that the cooling modium remain at the 
Eme temperature aftor it has absorbed heat given up by the 
condonsing vapor. Sush a condition is no% found ín nature, 
One would need an infinite heat sink at the wall to effect 
it, but it can be approached in practice. Heat transfer in 
à counterflow condenser would not approach the above stated 
@onditton. It was decided that cross-flow of the cooling 
medium, with one pass, might approximate it. Accordingly, 
the heat trensfer surface was immersed in the cooling water 
ch was fed into the cooling shell through twelve inlet 
nipples on the bottom and out through the same number on the 
top of the shell. To provide for equal flow of the cooling 
water thr 





ough each of the twelve nipples 1t was neoessory to 
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install two plenuma, one feeding the inlet nipples and the 
other receiving the cooling water emerging from the outlet 
nipples, Then in order to further insure equal pressure drop 
across any pair of nipples, the cooling water was introduced 
on ons side of the inlet plenum and withdrewn from the oppo- 
site side of the outlot plenum. 

| The condensing shell and the two plenums were constructed 
of 5 inch steel pipe, blank flanged on the ends. The nipples 
were of 3/4 inch pipe. It was planned to silver solder the 
nipples in place at both ends, but because of the high tem- 
perature of the soldering process and differential expansion 
of the shell and plenums the nipples would not hold in place. 
Rubber hose was finally used to couple the nipples together. 
So much for the cooling water circuit. 

It was felt that the second limiting easumption cf the 
Nusselt theory could be met in practice by throttling the 
inlet steam, restricting the flow so that the velocity of the 
vapor would not be excessive. The equipment which was cone 
atructed failed to meet this qualification. Comments on the 
vopor circuit follow. 

Considerable discussion was given to the choice of steam 
supply. At first it was thought that steam might be takon 
from ateam mains of the Institute, but no adequate outlet 
existed in the Heat Measurements Laboratory where the teat 
equipment was to be located. Also, it was felt that the Steam 
mains were probably contaminated with oll which would have to 
be filtered out. An ideal source of steam would have been a 


oe 
clean boiler fed with distilled water. This idea was rejected 
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because of the size of the constructional work which would 
have been required in building a boiler to give evaporation 
rates sufficient to feed this test section. A compromise was 
made in the choice of a small heating boiler already existing 
in the Heat Measurenents Laboratory. This boiler which was 
finally used provided steam at pressures up to about 5 p.s.i. 
/ gage and, since it was automatically cas 4 & means of 
adjusting the outlet pressure. 

For the low rates of steam supply originally anticipated 

9 20 supply line, suitably trapped ard vented, was run 
from the boller to the test section. The boiler provided 

steam which was nearly saturated at those low rates of flow, 
but to insure saturation an electrical resistance superheater 

s installed on tho steam supply line. The energy input of 
the superheater was controlled by maans of a Variac transformer, 
The test section must plerce the blank flanges on the 

ends of the cooling water sholl. To permit this two stuffing 
boxes were mechined and installed in tho flanges. The face 

of the stuffing boxes wes scribed with marks at 30% anglos. 

The test section of copper tubing was scribed with a singlo 
line along which the thermocouple junctions were mounted. By 
this means it was considered that the copper test section 

could be rotated to any angle at known intervals. 

Before passing on to a discussion of the condensate piping, 
1t must be noted thet the 1/2 inch steam supply line was found 
to be too small. When initial testa were run on the equipment 
just described, 1t was found that the restriction to steam 


flow offered by the 1/2 inch supply main disturbed operation 
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of the whole apparatus. The steam supply line subsequently 
had to be increased to 1 1/4 inch diameter. The reasons for 
this are described below. 

With the 1/2 inch steem supply in place, the rate of 
cooling water had to be made very low indeed. If the rate 

of cooling water were increased, steam would condense inside 
the test section so rapidly that a vacuum would be formed there 
and the condensate would not flow out to atmosphere. When the 
cooling water rate was reduced to the point where a positive 
pressure above atmosphere could be maintained on the steam 
side of the test section, the increase in temperature of the 
cooling water was approximately 1009 F. These unfortunate 
conditions were obtained even though the boiler pressure was 
held at ite maximum, about 5 p.s.1. gege. The flow rate in 
the 1/2 inch steam line was such that a 5 p.s.i. pressure 

drop was occurring between the boiler and the entrance to the 
st section. | 

It is necessary to digress here and to point out that 
there are no tifisdenaArit variables in this work. What is done 
to one part of the heat trensfer equipment affecta ell of it. 
These observers had assumed that thoy were to hold the 
entering velocity of the steam vapor low — a small 
steam 51 poly line would be sufficient to carry it. But the 
cooling water temperature, taken from city water supply mains, 
is very cold compared to steam vapor at atmospheric pressure. 
ith such & large temporaturo differential high rates of heat 
transfer are indicated, end ina long tube as was installed 


here, it resulted in either excessive rise in the temperature 
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of the cooling water or excessive velocity of the entering 
steam vapor. 

The diameter of the stosm supply main was increased to 
1 1/4 inch pipe. This modification to the equipment resulted 
in a sufficient steam supply to the test section so that a 
positive pressure was maintained there, The rate of cooling 
water could bo increased to the maximum possible which the 
käse: supply main could carry. However, then the steam vapor 
Fito became go high that the effect of vepor velocity became 
ali important. 

The condensate piping system will now be discussed, 

B une otit and of the copper test section, the condensate 
was led to a small cylindrical, welded tank named the satur- 
ation chembor. A needle valve was inserted in the condensate 
line to control the flow of condensate. The condensate 
piping was next led through a cooling coil immersed in a 
large bucket of cold water, This coll effected cooling of 
the condensate so that it would not flash to the vapor stete 
upon being brought out to NEO pressure. 

Placing the thermocouples in place was a delicete task. 
The copper test section was scribed with a line along the 
outer surface, Circumferential grooves with a depth just 


T 


great enough to sccommodate thə #28 thermocouple wlro were 


a ff. 


cut by machine at 6 inch intervals along the length of the 
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tube, The copper and constantan leads were soldered in place 
go thet the thermocouple junction would lie just on the 
scribed line. Because of the high thermal conductivity of 
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the copper tubing care had to be taken in the use of the 
soldering torch so that when one junction was being soldered, 
the junction adjacent to it would not melt out. It is con- 
sidered that on such copper tubing junctions could be placed 
tib closer than the 6 inch interval used with this equipment, 
unless some special clemps were used to hold several junctions 
in piace at one time. 

To insure the electrical insulation of the thermocouple 
leads, which must necessarily be run immersed in the cooling 
water, three coats of polystyrene were applied to each wire 
over the entire wetted length. The temperature of the 

cooling water at even a short distance from the tube surface 
1s very cold compared to the temperature existing at the 
junction. To avoid the disturbing offect of conduction of 
سک‎ along the length of the leads, especially the copper 

one, both leads from sach junction were wrapped tightly 

around the copper tubing in the groove cut for that purpose, 
The leads tegged with numbers, brought away from the tube 
surface and led to the outlet end of the condenser shell. 

it each junction, of course, two leads were added to the group 
er tranas, so thet at the final end of ths tube 24 individual 
leads had to be brought out through the blank flange. The 
leads wore withdrawn from the ehell in botween two rubber 
gaskets fitted at that end of the sholl. 

Meroury manometers were installed at each end of the 
test section, A small cock was installed at the outlet end 

of the test section so that non-condensable gases could be 


bled from 1t. The cock was cracked open minutely so that a 
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whisper of steam emerged from it. 

Two new spools of thormocouple wire wore purchased for 
the equipment. It was realized that, to minimize the effect 
of thermai conduction in the leads, the smallest practical 
Giameter wire was desirable. A wire size #30 was sought, but 
this being unavailable, #28 wire was used. The wire was cali- 
brated at wi steam point only. A linear deviation between 
the steam point and the ice point was assumed. Three separate 
calibration tests, giving consistent results, were run. From 
ds ta published by the U, S, Bureau of Standards, an expanded 
graph was drawn rn the relation between Observed Milli- 
te and Temperature in Fahrenheit degrees. The indicated 
temperature of the thermocouples could thug be readily ob- 

To support the condenser shell and the two plenums, an 
Aof) rane structure was built of 1 1/4 inoh angle iron. Suitable 
cross بے ےو‎ fitted so that sach plenum and the shell 
would be supported separately. Four bolts were installed in 
the base of the A-frame, one at each corner, By means of these 
bolts, reising cr lowering them, the copper test section was 
placed in a horizontal line. A length of rubber hose was fit- 
ted with two pieces of glass tubing, one inserted in each end. 
The hose was filled with water, providing e long water level. 
The ends of the test section which projected outside of the 
condenser shell were adjusted to the same vertical height by 
ne ina of the water lovel and the adjusting bolts. 
Visual observation of the test section after this had 
sufficed to show that the whole of the copper tubing 
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| was not in perfect horizontal elignnent. This was attributed 
to two causes. First, the section modulus of copper tubing 
is not great. The six foot length of tubing simply supported 
et the ends, bends like a beam under its own weight, creating 
a hollow in the center where condensate may build up to some 
depth. Secondly, the thread which had been cut on the 5 inch | 
pipe was cut at a skew angle. Therefore, the flange was 
slightly skewed, and the stuffing box at the outlet end of 
the test section was cocked, The test section fit into the 
stuffing box was a tight one, Play was taken up in the 
7 but the not effect was a deviation from the hora 
zontal along the length of the test section. 
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Hear View of Tost Equipment 


The boiler is shown at left. The condensate system 
is shown coming out of the condenser shell, down 
through the saturation chamber, through the needle 
valve, and into the barrel in the middle where the 
condensate is subccoled. 





| X8-6-GS -— OG EM ES IE E a, 

۰ | 

JARA rl | 

| | - جزیر ور کا T= GOUT T‏ نم 








| 3 
E | 
21 | 21 
| 1 
|J eüivuvdadV 4O HOINUS EAI | | | مسب مسا‎ 
۲ x سس‎ LA" a" ۷ dii 
کٹ‎ RE سس‎ OB mE nn ^ 
۱ ^— eAT9A eTDeej m 
26۳90 
16۸9] 645-1 10۲۹ا‎ 6138 
ٰ ت۹8‎ 6۹۸ 3,20 | | 
| 


سس سا سا 
nEEnu‏ 2 و ۴ 


690 ۵ 


ٰ Jelmo CET Zurtoon 


| kn 





NUSSFLT TYPE DERIVATION FAR PRFDICTTNG YFAT TRANSFFP COFFFTCTENTS 
OF VAPOR CANDFNSTNG INSTTEF HORTZONTAT, TIRES 


Aesumotions: 


(a) 
(b) 
(c) 
(d) 
(e) 


(f) 


the varor is mıre end satureted 

the tube wall temneratnre remains constant 

the vanor has no velocity relative to the interface 

heat flows throueh the condensate only bv conduction 

the condensete flows visconelv down the rall surface under the 
action of cravity alone 

two dimensional rerresentetirn of the eondensation ۱ ۸ 
the vresence of a hole et the bottom of the tube to carry off 
the condensate which is formed. 





Tube wall Tube Wal 


Liquid 
Taferfoce 


Wl 








It is first desired to find the relatior hetween the thickness of the 
liouid film, Xo, and the variehle areIe$ . Constcer the chaded element 
shown in the sketches. AS it flows down the tuhe well it is acted nron 
ne to forces, the foree of visgens frictior ani rravitw, Since there 
must Fe ecuf librium: 


F = 7 tin y 80 
A Cla 2X) 4p ETE Loy (x, MA) dar ور‎ 


ox 
a y X 
f dh. 一 anwy f O Me (7) 
0 ve 0 
The limits of interration mav be so set, hecanse it is assured that the 


veloritv of the Jionid is zero et the well.  Tntegratine, 


J an $ P 
paper Lx) (4) 
E ( 2 4 





1 


one firds the tangential velocity ^f the licenid, VE. The mean velocity 
ER th4-14onid,2L,, across any section at. the variable angle is gimen 


bv: 
Ao 
loa ax 


Um = 
X (5) 
fe di 

Ó 





A AA تا‎ 
= = e 5 Xo 7 xe | (6) 


(7) 


The mass rate of flnw nf rnndensste,W , across a section of width X, 
mist then he; 


I y? 
u wm % (8) 


Differentiating ecuation (8) and recognizing that both d ard X, are 
variables: 


Y EP os 3 2 
au n [o | Se ain ¥ CH C wo $ dẹ] (2) 


Mn ta this point only the conditions of ecnilibrium have heen considered. 
On the following pare conaidrratinns of heat transfer will he considered. 





Linear Temp. Distribution 
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Contro/ Ty ek df 
Surface x 





Tobe Wall 


Ahove there is skerm a contro) enrfece dram eround an element ^f liculd 
flaring domm t^e tnbe vall. The contro] surface is hounded on one side 

bv the tube val! end on the cther hr the Vtevid interface, Two arbitrary 
eross sections, numhered (2 and(2) , form the boundaries of the control 
surface on the ton end the bottom, For simnlicit” in the sketch the 
enrvature of the wall and tre interface are not shown, but the dimensicns 
of the cortro? surfere are X, ard RLY. "he temrerature of the cordensate 
at the interface ts the same ac the vanor saturation temrerature, Ty The 
wall temneretyre is Ly, and if the thermal conductivity nf the liouid 

MS A constant, X, then a linear temrerature distribution exists between 
the wall and the interface.  "ondensate vhich bas formed above section 
flows at a mass rate of flow W throneh the control surface, Tt is Joined 
bv a small mass@@ so that both flor ont of the control surface at cross 


section (2) : 


The average temnerature of the liouid at ell cross sections is Ler + 2 tv Ca) 
The Viouid is subcooled to a temperature half way between the vall temr- 
erature an’ the vanor temrerature. fordensate which is formed gives ur 

more heat. than the heat of varorization, ۰ Defire 


/ 
hg È hg + $c (r-t) e 


then the heat transfered to the wall is 
/ 
dQ = hyg aur (11) 
"sing a simnle Fourier exrression for conduction 
k 
da =$ Lap ) یر بو‎ (12) 


Fonatine (11) and (12% and solvine for dur, 


No kn d4 ME 


= E E E ا‎ (13) 


Xo fy 








For ease in alrebraic minimlation define a new symbol, E 
34 k ro AC T 
14 

/ 
7 
Tayate exrressions ford riven hv eaunstiens (OY ana /]2Y 
E 7 
LAY = 3% mwy dX, +X% oa Y ay 115) 
Now define another svmbol, E 
4 

x» (16)‏ = و 





Note that 


E 
z 
Substitutine from (18) and (17) into ecnatien (15) rives 


en. Semp dY (13) 


( سے و . لج ے 
ee 19)‏ چ i‏ 
zy 3 ainm p‏ 

Fouation (19) is a differertial ecnation of the first order and first 
degree, the eneral form of such eanatinns beine eiven in books on 
mathematics as: 


SE + Py =@ 


in which P and Q are functions of X only. The enration may he 
made an exact differential, and hence amenable of solution, if all terms 
be miltinlied bv 

fj ^2x 


e ax 


In the case of Fonaticn (19) note that 


$ coto ۷ (ae) 
UE u FERN BE 


The solution of "auation 19 mav then he set dom as: 


9 = A ۱ ا‎ (20) 


The inteeral in the right band expressicn may not be solvrd snalvt'cally 
eo that erarhical interrarinn becomes necessary. The tam lar velues of 
the function S for س‎ velnes nf + were ohtrined from reference 
and are piven on the sudeedine repo, 





= 


ey 

Y I E.7* 
0 1 ¿000 1.0nn 
6 . 963 . 991 
10 , ٦ .999 
20 1.015 1.0608 
40 1.097 1.098 
60 1.247 1.057 
80 lars 1.194 
on 1.714 1.144 
100 1.9895 1.187 
120 2.905 1.206 
140 & pi 1.901 
160 15.917 1.910 
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Local values of the film eA N ‚for a riven anele ^p are: 


mu v x. 
T سے‎ Xo L3 S^ ET (21) 


Mean values of the film PUn ua are given bv 


d ۳ < 上 和 n (22) 


T, yo (2 EA ES 
+ % 
um K a 
hb E ^ (s - ( J, = Tw 


Graphical integration must be resorted to in the solution of these 
eouations. Reference ( ) pives the followine solutions between the 





limits indicated: / í 
E 3 fa E 7 
= O. JIJ 
ra — Yo (24) 


/80° + Set he L t ak 
baf, = 0.652 ae 7 $e)" (25) 


190° / yè L3 和 
hn | = 0.805 e (26) 
h IAT, 


dió 
Obviously the analytical solution ís not valid for ۵ 
180, mhen vanar is condensing inside horizontal tubes, the bottom 


of the tube fills with liquid and the thickness of the resa on 

the bottom of the tube must be siven bv some other ex^ression,. Fanation 
(23) is valuable, however, from the ton of tre tube down to a certain 
angle. These observers were unable to find an analytical solution to 
that vróblem durine tris thesis work. 
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ORIGINAL DATA 





Since the actual testing of the apparatus consisted of 
only two actual runs and a dry run to test the thermocouples 


all of the original data will be included in this report. 
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FIRST RUN 
Top of test section 
Thermo- 
couple Milli- ۱4111 Milli- 
Junction volts OF volts op volts 
1 4.06 217.4 4.06 217.4 4.06 217,4 
2 3。79 206,1 3.80 206.5 3.82 207.4 
3 3.91 211.0 3.69 202.0 3.71 202.8 
4 3.82 207.4 3.62 200.8 3.66 199.1 
5 3.50 194.1 3.53 195.4 3.50 194.1 
6 7 192.8 3.36 192.0 3.49 193.7 
7 3.41 190.2 3.60 198.3 3.61 198.7 
8 3,46 192.0 3.45 192.0 3.45 192.0 
9 3.29 184.9 3.54 187.1 3.34 187,1 
10 3.49 193.7 3.45 191.5 3.45 192.0 
11 3.36 188.0 3.36 187.6 3.36 188.0 
12 3.45 192.0 3.45 192.0 3.45 192.0 
ET 4.54 229.0 4.35 229.4 4.33 228.6 
B 14 4.89 231.0 4.35 229,4 4.37 230.2 










Barometer 


۱ 
Barometer correction 


Weight of condensate 109.5 lbs/hr 
Boiling point of water  229,.019P 
764.4 mi of Hg 


nun Hg‏ 25 و هت 


Menometer 12.2" of Hg 
T 


Manometer correction -1.36" Hg 


Total pressure 40,85" of Hg or 20.65 psia. 


and 114,68 1bs/hr 
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FIRST RUN 
Side of the Test Section 







Thermo- 








couple ۱11111 Milli- 1412111 
Junction volta op volts OF volts OF 
1 3.95 212.8 3.95 212.8 3.96 213.2 
2 3.75 204.5 3.75 204.5 3.74 204,1 
3 3.64 200.0 3.65 200.4 3.66 200.8 
4 3.695 199.4 3.63 199.6 3.62 199.2 
5 3.485 193.5 3.47 192.8 3.49 193.7 
6 3.40 189.8 340 189.8 341 190.2 
7 3.37 188.5 3.39 1893 3.50 194.1 
8 3.37 188.5 3.38 188.9 3.38 188.9 
9 3.95 183.9 325 183.1 3.30 185.4 
7 10 3.35 187.6 3.56 187.6 3.36 188.0 
11 2.84 187.1 3.33 186.7 3.31 185.8 
12 3.45 192.0 3.43 191.1 3.44 191.5 
13 4.54 229.0 4.36 229.4 4.35 22904 
14 4.85 229.4 4.35 220.4 4.35 229.4 
Weight of condensate 111 1bs/hr 109.5 lbs/hr 
Boiling point of water 229. 61°F 
Barometer 784.4 mm of Hg 
Barometer correction -3.25 mm Mg 


Nanometer 12.2" of Hg 


Nanometer correction -1.36" of Hg 


9 otel pressure 40.85" of Hg or 20.65 pala. 
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FIRST RUN 


Bottom of Test Section 






Thermo- 


couple Milli- M1111- Milli- 
Junction volts or volts OF volts OF 
1 3.91 211.1 3.90 210.7 3.805 210,9 
2 8.75 203.7 372 203.3 3.73 203.7 
as 3.59 197.9 3.66 200.8 3.65 4ھ‎ 
4 3.56 196.7 3.88 197.5 3.59 197.9 
iub 3.45 192.0 3.44 191.5 3.44 191.6 
6 3.32 186.2 3.34 187.1 3.32 18602. 
7 3.19 180,5 3.20 181.0 3.20 181,0 
8 3.19 180.5 3.19 180.5 3.20 181.0 
3.05 1748 3.05 174.8 3,04 174.4 
3.05 174.8 3,04 174.4 3.04 174.4 
2.80 164.4 2.80 164.4 2.80 164,4 
2.85 165.7 2.82 165.3 2.78 163.6 
4.35 229.4 4.35 229.4 4.35 229,4 
14 4.35 229.4 4.35 229.4 4.36 229.8 











Barometer correction 


Manome ter 


Weight of condensate 


Boiling point of water 


EM ... | 
Nanometer correction 


PER o 2 - ۳۹ a M i 
Total pressure 


111.75 lbs/hr 


229. 610F 


764.4 mm of Hg 


12.2" of Hg 
-1.56" of Hg 


40.65" of Hg or 20.65 psig. 


111.0 lbs/hr 

















Thermos 


couple Millie 

Junction volts 
1 3.71 
2 و5‎ 0 
3 3.40 
4 5.09 
5 3.26 
6 6,19 
" 5.28 
8 3,45 
9 5.06 
10 1,88 
11 1.04 
12 0.94 
13 2.40 
14 4.10 


Y‏ م _ ہج 

"Total pressure 
rot | 

LT 


oå b» * 1 1‏ ہے 
Exit Manometor‏ 


e 


S 
Correction 


Total Pressure 


Weight of condensate 
Entrance Menometer 
laa correction 


Barometer corrected 
ue 


SECOND RUN . 


Top of Test Section 


op 
202.9 
194.1 
169.8 
176.9 
185.2 
180.5 
184,95 
192.0 
175.8 


146.2 
219,0 





Temperature of oooling water 
a 


Millie 

volts op 
5.66 200.4 
5.50 194.1 
5.45 191.1 
3.06 175.3 
3.31 185.8 
3.20 181.0 
5.54 187.1 
544 191.5 
8.15 178.9 
5.04 174.7 
1.06 ----- 
1.00 — 
2.92 169.4 
2.10 219.0 
81 lbs/hr 

6.0" of Hg 


-1.36" of Hg 
30.35" of Hg 
34,99" of Hg 


5.05" of Hg 
= 一人。 10" of Hg 
34.20" of Hg 


83.5 lbs/minute 


in 540P 


M1111- 
volts 


5.68 
3.51 
5.40 
5.09 
5.28 
517 
5.54 
5.50 


8.10 


5.15 
1.04 
0.95 
2.45 


4.10 ۹ 


out 689F 
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201.6 
194.5 
189.8 
176.5 
184.5 
179.7 
187,1 
194,1 
176.9 
17800 


148.2 















Thermo- 
couple 
Junction 


Willie 
volts 


567 
3.45 
3.08 
3.025 
3.19 
8.14 
5.20 
5.48 
3.20 
5.22 
2.88 
1.17 
2.74 
4.10 
Weight of Condensate 
Entrance Manometer 
Nanometer correction 


d ی‎ 
Barometer corrected 


Eanometer correction 


Total pressure 


SECOND RUN 


op 
201.2 
192,0 
188.9 
173.7 
180.5 
178.4 
181.0 
193.4 
181.0 
181.9 
167,8 


219.0 


Weight of cooling water 
Temperature of cooling water 


Hilli- 


volts 
3.70 
5.45 
5 41 
2.98 
5.18 
3.15 
5.209 
3.52 
9.20 
5.25 
1,34 
1.15 
2.65 
4.11 


Side of Test Section 


op 
202.4 
191.1 
185.8 
171.8 
180.1 
178,8 
181.0 
195.0 
181.0 
183.1 


219.4 


91.13 1bs/hr 


of Hg‏ "99 مت 


"1.36" of Hg 
30,40" of Hg 
55,08" of Hg 


5.00" of Hg 
-1.10" of Hg 
34.30" of Hg 


82.0 lbs/minute 


in 540F 


6l 


Milli- 

volts OF 
3.68 201.6 
5.49 192.0 
8.08 188.9 
8.00 172.7 
5.19 180.5 
8,15 176.8 
8.25 183.1 
5.48 195,4 
5.22 181.9 
3.12 177.5 
2.61 160.7 
en  --- 
2166 = 
4۰ 219.4 
91.5 lbs/hr 

out 68°F 











SECOND RUN 


Bottom of Test Section 













Thermo» 
couple M1111- M1111- M1111- 
Junction volts op volts OF volts 
5.74 204.1 5.75 20507 5.75 203.7 
5-50 194.1 3-50 194,1 5.49 195.7 
5.46 192.4 5-44 291.5 3.45 192.0 
5.02 175.8 9.00 172.7 5.00 172.7 
5.225 182.0 8.17 179.6 5.14 178.8 
5.05 174,8 9.08 176.1 5.00 172.7 
501 175.1 5.00 172.7 2.98 171.8 
2095 170.4 2.98 171.8 2.95 169.6 
2.76 162.8 2.71 160.7 2.72 161.4 
2.50 156.3 2.49 149,9 2.44 147.9 
2.21 142.7 2.51 146.9 2.26 144.7 
1.58 ae co ca n m 1.74 a... 1.74 一 一 一 一 一 
3.00 172.7 2.85 165.8 2.80 164.4 
4.135 220.2 4.10 219.0 4.11 219.4 
Weight of condensate 93.19 lbs/hr 96 1bs/hr 
erence Manometer 5.95" of Hg 
. correotion =1.36" of Hg 
Barometer corrected 30.36" of Hg 
Total pressure 34.95" of Hg 
Exit Manomoter 4. 85" of Hg 
_ Manometer corrected -1.10" of Hg 
Total pressure 34.11" of Hg 
Weight of cooling water 83.0 1bs/minute 
Temperature of cooling water 1n 54°F out 71°F 








Thermocouple Galibration Run 


Thormocoup).® 
Junction 


1 


o 0 2 O DD A OG W 


H e H 
بن‎ NU PO 


14 


Corrected barometer 40.74" of Hg or 20.0 pala. 


Saturation temperature  227,969F 


Millivolts 


4.30 
4.30 
4.30 
4.30 
4.30 
4.50 
4.50 
4,60 
4.30 
4.80 
0ھ 
40 
0 
0 





op 


227.55 
227.059 
227,55 
227.00 
221.99 
227.00 
227.05 
227.855 
227.55 
227.35 
227.00 
227,55 
227.36 
227,55 
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CALCULATIONS 













Vapor Velocity Computations 

i. First runs 

Pressure 20.65 psia. Temperaturo 229.49F. Average 

weight of condensate 111 1bs/hr or 0.09308 lbs/sec. 
specific volume at conditions indicated 20.089-.65(.897) = 
19.506 ft?/ 1b. 


77 pe ft? 


Area of 1%” pipe Ps 
i poe 4 x 144 


EEES 
576 


« „00851 ft? 

Area of # pipe == 0.008351 ft? 

>. 

Vapor velocity == specific volume x weight 
in the 15" area of pipo 


pipe 
19.506 x 8 


0.00851 


A 
UE O 


== 70.7 60 
Por the à" nipo Vepor velocity == 132 ft/sec 


Second run: 

Pressure 17.15 psia. Temperature 219%. specific 
volume 25.27 ft/lb. Average weight of condensate 
83 lba/hr or 0.0258 1bs/sco. 

Vapor velocity 1n 14" pipe == 70.4 ft/sec. 





Vapor velocity 1n $" pipe a. 181.5 ft/sec. 


The specific volumos used ebovo were those of saturated vapor. 
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Overall Heat Transfer Coefficiont U Computations 

In these computations the value of nrg used was that of 
saturated vapor 92۳۴69۵ the quality of the steam used was 
nearly 100% and the slight difference will not affeot the 
ers to any merked degree. 

s UA At, ie the formula used to determine U 

= weight of condensate x hfg 

A, pipe 


At, * mean temperature difference between the vapor aná the 
۱ tubo wall 


# Overall heat transfer coefficient 

For 90,05 psia. end 229, 4°F 

Q = 111 x 959.0 = 108449 Btu/hr 

A= 2x 3.1416 x 0:78. x 6,00 = 1.375 ft? 
2 x 12 


At, * 229,4 -> 192,8 = 36۰ ۳ 
Substituting 1nto the formula U is 2110 Btu/ft?. OF - hr. 
and the value for the steam side coefficient h is 21680. 
For the 17.15 peia. and 21909 run 
be; s 965.5 | 
Atm = 219.0 - 184.1 = 39.60 
weight of condensato s 95 los/hr. (average value) 

| 95 x 965.5 * 89792 Btu/hr. 
From the above information U is 1760 


and a& a consequence h = 1840, 
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